Abstract This study has measured the density-normalized effective ionization coefficients (α−η)/N , the electron drift velocity Ve and the diffusion coefficient DL in nitrous oxide (N2O) using a pulsed Townsend technique. The range of the overall density-normalized electric field strength E/N is from 100 Td to 400 Td (1 Td=10 −17 V · cm 2 ). From the above plots of (α − η)/N , we have derived the limiting field strength, (E/N ) lim ≈ 150 Td, which is the value of E/N at which (α − η)/N =0.
Introduction
Nitrous oxide (N 2 O) is used in chemistry, medicine and some plasma processes. N 2 O is a kind of mildly electronegative gas and has been suggested as a potential replacement to sulfur hexafluoride (SF 6 ). SF 6 has been widely used as an insulator with outstanding characteristics in high voltage apparatus and semiconductor plasma processing industries [1] . It has led to increased concentrations in the atmosphere and caused concern as to possible effects on global warming. Recently, high global warming potential (GWP) of SF 6 gas has once more stimulated active studies to search for a substitute gas or mixture with a lower environmental impact. The GWP of SF 6 is ∼23900 times greater than that of CO 2 over a 100-year time period [2] . However, the GWP of N 2 O is 310 [3] , only 1.3% of SF 6 . N 2 O is still relatively little known regarding its electron transport and ionization properties [4] . In order to seek the possible substitutes for SF 6 gas and its mixture, the swarm parameters for N 2 O should be studied.
In the present study, the effective ionization coefficient (α − η)/N , electron drift velocity V e and longitudinal diffusion coefficient D L were determined for N 2 O gas using a pulsed Townsend (PT) method over the range 100 Td≤ E/N ≤400 Td (1 Td=10 −17 V·cm 2 ), where E is the electric field strength and N is the gas density.
Measurement and calculation of swarm parameters
The pulsed Townsend discharge method is based upon detection of the time-dependent current due to electrons and ions drifting across a parallel-plate gap under the influence of an applied uniform electric field. The primary electrons are released from the cathode by a pulsed ultraviolet source in a very short time interval. Swarm parameters are obtained from the evaluation of the measured transient current by means of an appropriate theoretical model. Briefly, the stainless-steel ionization chamber was 30 cm in diameter and 40 cm in height, the voltage of the cathode in the chamber was applied by a DC source in which the output voltage was set between 0 kV and −50 kV, the maximum ripple was 20 ppm peak to peak, and the voltage stability of the source was better than 0.01%. An Nd-YAG laser with a wavelength of 266 nm, photon energy of 4.66 eV and output energy of 100 mJ was used to release primary electrons. The laser pulse duration was 40 ps full width at half maximum (FWHM). A pair of 90
• Rogowski profile copper electrodes of 150 mm in overall diameter with a 10 mm gap were mounted with their common axis vertical. The cathode was embedded in a 20 mm diameter quartz plate with a very thin aluminum film (20 nm) in the center, vacuum-evaporated on its surface flush with the cathode for producing initial electrons. Because the photon energy (4.66 eV) of the laser was larger than the work function (4.08 eV) of aluminum, primary electrons were released while the ultraviolet beam of the laser struck the aluminum film through the quartz plate [5] .
The displacement current was due to charged particle motion within the gap which produced a voltage drop across an external measuring resistance R m (50 Ω). The voltage was measured through a 50 Ω cable with a 200 MHz digital memory oscilloscope (Tektronix TDS 2022B) and the digitized discharging waveform was transmitted to a computer for data processing with special software, thus, the parameter curves were drawn.
Since the mode-locked picosecond Nd-YAG laser had high peak power, the number of the electrons released at the initial time was huge, which made the external circuit measuring voltage signal strength relatively high; then amplifiers were not used, and the inherent noise in the equipment and electromagnetic interference signals was avoided, which improved the anti-jamming capability.
The room temperature during measurements was 20
• C. Before filling the chamber with the gas under investigation, the chamber was evacuated to a gas pressure of 10 −4 Pa using a diffusion pump backed by a rotary pump. The leak rate was 1.33 Pa per hour at a gas pressure of 66.5 Pa. As the gas pressure (P ) was set to P <40 kPa, the complete electron swarm waveforms could be obtained from the experiments, and then the discharge parameters could be deduced under this condition. This test was conducted under a low pressure of about 1.46 kPa, so there was only electron diffusion, and no ion current in the high electric field.
The electron number appearing at moment t between two electrodes can be described as [6] :
where ρ e (x, t) is the electron density, d and n 0 are the gap distance and initial electron number respectively, W r = V e + (α − η)D is the centre-of-mass drift velocity. The waveform in Fig. 1 is the situation of no diffusion, and the initial electron is released instantly from the cathode at one time. The determination of swarm parameters from these waveforms is straightforward. The duration of the primary current pulse gives the electron transit time T e . The expression of the electron swarm current is:
where T e is the drift time of electrons flying between the gap, and e is quantity of electric charge.
Fig.1 Waveform produced by δ(t) function (no diffusion)
If the initial electron distribution is not δ(t) function, at low pressure, the avalanche current waveform is shown as the real line in Fig. 2 . Due to electron diffusion, the swarm will spread out. In this case, a direct determination of the electron transit time T e is not possible, and an equal charge method is employed [7] . This method assumes "equivalent" electron current waveform without diffusion but with the same exponential rise and the same charge as the measured one. As shown in Fig. 2 , if area of S1 = S2 and S3 = S4, we think the "Measured" electron current waveform with diffusion can be replaced by the "equivalent" waveform. The "equivalent" waveform is shown as the dashed line in Fig. 2 .
Fig.2 Waveform produced by non δ(t) function (diffusion, S1 = S2, S3 = S4)
The electron drift velocity V e and effective ionization coefficient (α − η)/N can be calculated by a simple formula. The drift velocity is calculated by:
For a simultaneous release of n 0 primary electrons from the cathode, the current caused by the moving electrons can be calculated as:
where
A typical electron swarm current waveform is shown in Fig. 3 . The points (T m , I m ) and (T n , I n ) of the swarm current wave are taken into Eq. (5), and we can get
The density-normalized effective ionization coefficients (α − η)/N are calculated as:
In the time-resolved swarm experiment, only the longitudinal diffusion coefficient D L is important. Moreover, at atmospheric pressure, the velocity distribution of the electrons in the gap is nearly isotropic, so the difference between the diffusion coefficients perpendicular to the E-field direction D T and D L is negligible. Therefore, in the present work, only the longitudinal diffusion coefficient D L is taken into consideration, and we use only one coefficient, D.
After obtaining V e and (α − η) by measuring the waveform of the electron swarms, a trial-and-error method is used to evaluate the value of D: a. Firstly, V e , (α − η) and an estimated D are put into Eq. (1) and Eq. (2) and we can obtain the calculated electron current i e (t).
b. Compare the calculated results i e (t) with the measured values I e (t) and the algorithm of approximation in quadratic norm is adopted, then the initially estimated D will be modified. Repeat the above course until a certain accuracy is satisfied when
Here, t i represents the discrete time point we sampled for the calculation. It is assumed that the calculated values coincide with the measured values, so we think the estimated value of D is the diffusion coefficient corresponding to E/N .
Results and discussion

The electron swarm current waveform
The purity of N 2 O used in the present work is 99.99%. The swarm current waveforms of N 2 O in 1.46 kPa for different electric fields are shown in Fig. 4 .
When E/N is low, as shown in Fig. 4(a) , the diffusion of the electron is predominant. The sharp peak at the beginning of the current waveform can be thought to be as a result of the excessive attachment in the nonequilibrium region near the cathode, where the final velocity distribution has not yet been established. The primary electrons have little energy when they are released from the cathode, so they can be easily attached to gas molecules, consequently the initial current drops quickly. As Fig. 4(b) shows, after one electron transit time, ion contribution is important, and the current becomes zero for a long time. From Fig. 4(c) , with the increase of E/N , electrons obtain more energy from the electric field, and the opportunity of electron attachment reduces and the ion component is deducted, at last the current becomes zero rapidly. After reaching maximal current, electrons may diffuse and detach. 
The electron swarm parameters
The density-normalized effective ionization coefficients (α−η)/N of N 2 O are shown in Fig. 5 . In this paper the values of (α − η)/N are slightly higher than the values of Ref. [8] , and the variational trend of (α−η)/N is in good agreement with Ref. [8] . From the above plots of (α − η)/N , we have derived the limiting field strength, (E/N ) lim ≈150 Td, which is the value of E/N at which (α − η)/N =0. The electron drift velocity V e of N 2 O is shown in Fig. 6 .
In the present analysis, the values of V e are slightly higher than the values of Ref. [8] , however, the results are basically agreeable.
The electron longitudinal diffusion coefficients D L N as a function of the density-reduced electric field in SF 6 and N 2 O are plotted in Fig. 7 . This shows that the diffusion effect of N 2 O is stronger than that of SF 6 , thus, N 2 O mixed with some insulating gas (SF 6 , c-C 4 F 8 ) can change the diffusion effect in pure gas. [8] ; ( ) present Fig.6 Electron drift velocity Ve in N2O: ( ) DUPLJANIN et al. [8] ; ( ) present 
Conclusion
The effective ionization coefficient (α − η), electron drift velocity V e and longitudinal diffusion coefficient D L are determined for N 2 O gas in this paper. The experimental data can be kept as reference for further development of gas insulation equipment, and the effect of N 2 O as buffer gas in some gas mixtures can change the transport properties and the collision processes.
